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ABSTRACT

The microstructure of warm-extruded Mn-Al-C alloys

with and without Ni addition have been characterized

using scanning electron microscopy (SEM) and transmis-

sion électron microscopy (TEM) with x~ray microan-
alysis. The existence of finely dispersed Al,03 par-
ticles in the extruded magnet is confirmed for the
first time. Antiphase domain boundaries are not found,
but, some grains are disordered. Other microstructural
features such as twins and dislocations are character-
ized and the origin of these features are discussed.
The role of Ni in improving the magnetic properties is
attributed to its influence on (a) the deforﬁation
behavior of the material affecting the fexture, (b) the
magnetic-exchange interaction between Mn atoms and (c)

the degree of ordering of the 1 phase.



I. INTRODUCTION

New anisotropically hard Mn-Al-C magnets have
become commercially available [1] and regained research
interest because of two important developments, namely:
(a) the addition of carbon to stabilize the metastable
(1) ferromagnetic phase, and (b) pr§cess techniques
capable of producing these magnets efficiently are now
available. These Mn-Al-C permanent magnets offer the:
following advantages: (1) easily available and com-
paratively cheap starting materials are needed, (2) the
material has good machinability [2] and (3) it pos-
sesses reasonable magnetic properties [31.

The T phase can be obtained from a high tempera-
ture disordered hexagon;l € phase in the Mn-Al system
by controlled cooling or by quenching and annéaling at
temperatures between 400 and 600 °C [3]. The phase
transformation involved has been well characterized by
X-ray diffraction studies [4] on single crystal speci-
mens and also by in-situ transmission electron micro-
scopy studies [5]. The transformation sequences con-
sist of an ordering reaction followed by a martensitic
shear transformation to form the Ll0 face-centered
tetragonal T phase [5].

The temperature dependent magnetic properties such
as anisotropy field Hy, coercivity Ho and saturation

magnetization Bg have been measured by Rothwarf et al.
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[6]. The reduced saturation magnetization_follows the
Bloch T/2 law. The theoretical 6:): 0 N (=BZ /4)
yields a value of 12MG0e at room temperature. The
highest (BH)max obtained so far is 8.1MG0e in the warm-
extruded Mn-Al-C magnet containing a small amount of Ni
[71.

The magnetic properties of cfystallographically
ordered ferromagnetic materials are strongly influenc-
ed by the structural (crystal) defects [8] which
interact with the magnetic domain walls. In this in-
vestigation, transmission electron microscopy has been
used to examine the defects and microstructural
features in the warm-extruded magnets. Thgse‘are cor-
related with the magnetic properties of the alloys.
The effect of Ni on the microstructure and the magnetic

properties is discussed.
II. EXPERIMENT

Two alloys of compositions: 69.7 wtZ Mn, 29.8 wt?
Al, 0.5 wtZ C and 69.4 wtZ Mn, 29.3 wtZ Al, 0.5 wtZ C,
0.8 wt% Ni were furnished by the Matshushita Electric
Industrial Company of Japan. Details of the alloy
preparation can be found in reference 2. The heat
treatment consists of a quenching apd aging process
with subsequent extrusion at 600°vC and a short

annealing thereafter.



Thin foils for transmis#ion electron microscopy
(TEM) were prepared from thin slices cut from the
extruded rods in the transverse direction. After cut-
ting and careful grinding, electron transparent foils
for TEM studies were prepared in a twin jet electro—
polishing apparatus with an electrolytic solution of v/
percholic acid and methanol alcohol at room temfera-
ture. The foils were examined in a Philips EM 301
microscope operating at 100 kV. An analytical Philips
Eﬁ 400 microscope was used for x-ray microanalysis as

well as convergent beam diffraction experiments.
ITI. RESULTS AND INTERPRETATION

A typical scanning electron micrograph of the warm
extruded magnet shows that the magnet consists of a
fine grain materiai witﬁ small particles of a second
phase dispersed in it (Fig. 1). These particles have
been identified as Al,05 by various techniques. The
formation of Al,04 particles and their ﬁorphology and
distribution during extrusion are not discussed here
and are subjects of a separate study. In this paper, a
complete characterization of the matrix is presented. Ny

The microstructural characteristics of the t phase
in the warm extruded magnetsvwitb and without Ni ad-

dition are summarized in Table 1.
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Fig. 2 is a TEM micrograph taken from a Ni-con-
taining specimen showing the typical microstructure.

Some grains are highly dislocated and others are heavi-

~ly twinned. Because of the fine grain size and high

dislocation density, it has not been possible to deter-
mine the Burgers vectors of the dislocations by thel§1§
contrast anmalysis. Fig. 2b is a convergent beam
diffraction pattern taken from the grain with two
variants of nearly edge-on twin bands. Indexing of the
diffraction pattern and trace analysis of the twins oﬁ
the micrograph show that the twins lie on { 111 }planes.
Landuyt et al. [9] have reported similar microstruc-
tures in Mn~Al-C magnets. According to their interpre-
tations, dynamic recovery occurs during the warm extru-
sion and high density of dislocation is due to ;he
incompleteness of recrystallization during the.short
anneal after extrusion. Along this hypothesis, the
thin twin lamellae are interpreted as recrystallization
twins. This simple explanation is not a complete de-
scription of the twinning phenomena. We propose the
following explanation according to which the twins are
transformed twins and/or deformation twins.

During the ordering and subsequent martensitic
shear to form the 1 phase, twinning occurs to
accommodate the localized stress associated with the
volume and shape changes due to the formation of speci-

fic tetragonality axes. As the transformation pro-



ceeds, the long range stresses associated vith.dif—

ferent lamellae result in thg formation of coarse twin

bands as shown in Fig. 3. Fig. 3 is a typical dark

field (DF) micrograph of the twin lamellae taken from a

Ni-free specimen. The inset selected area diffraction

pattern shows streaking along <111> direcfion that v
arises from the shape factor effeét of the very thin
twin bands. In addition to this transformation twin-
ning,.plasité deformation during warm extrusion intro-
duces deformation twinning. As is well known, plastic
deformation can occur by slip and/or twinning both of
which involve dislocation movemeﬁt. It is to be noted
that the deformation twinning in this L1, structure
aids in developing texture by crystallographic shearing
in a preferred direction with respect to the direction
of maximum strain. Actually, Sakamoto eﬁ'al. [10] have
proposed a twinning model for the <001> textﬁre in the
anisotropic Mn—Al-C magnet. Among the twelve {111}
<112> twinning systems, only four (one C axis for each
{111} plane) which preserve the L1o ordered structure
are responsible for the formation of texture.

There are many ways to induce magnetic anisotropy
[11]. Extrusion is used as the means to produce the
texture which coincides with the easy axis of magneti-
zation. This preferred orientation in turn limits the
final grain size. As already shown, the uniform fine

grain size and higher twin density in the Ni containing
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"specimen imply that the addition of Ni helps in the

deformation process to develop textufe, i.e., a better
easy axis alignment is achieved during extrusion. A
further X-ray pole figu;e measurement is needed to
confirm this point.

All efforts have failed to identify the existence
of antiphasé boundaries (APB's) in the ferromagnetic,
ordered T phase during this investigation. Curved
APB's with fault vectors R = 1/2 <101> formed thermally
by the growth and impingement of superlattice domains
which are out of phase have been observed in the con-
ventional non-extruded Mn-Al-C magnetsg. The disap-
pearance of APB;s after extrusion has been postulated
as due to the precipitation [3,9] of carbides at these
boundaries.

The observation of APB's by TEM is non-trivial
depending on (a) the pﬁase angle, 2 =27g . R where only

Y Y .
certain superlattice reflections give rise to contrast,
(b) the extinction distance and (c) the deviation from
the exact Bragg angle. In the case of the L1o struc=-
ture around the [001] pole as shown in Fig. 4, all
APB's will be in contrast for any allowed superlattice
reflection [12]. Careful bright field (BF) and dark field
(DF) imaging and tilting experiments have failed to
reveal any fault fringe contrast ovaPB's. It is to be

noted that micrographs taken from foils with rough

surface can exhibit contrast that may look like com-



trast from APB's, but, are actually thickness fringes
and therefore need to be examined with caution. It is
suggested that since the curved APB's are thermodynami-
cally non-equilibrium defects, having a surface energy
of the order of 120 erg/cmz, [13] they migrate into the
grain boundaries during extrusion and subsequent
annealing. The sm;ll grain size and the large number
of twins in the extruded magnets are all responsible
for the absence of APB's.

X-ray microanalysis of the Ni-containing specimens
in a Philips EM 400 microscope failed to reveal any
partitioning of Ni in the grainms except that occasion-
aily a high Ni signal is detected in some grains as
shown in Fig. 5. Due to the small grain size, attempts
to determine the crystal sturcture by tilting
experiments were not successful. We postulate that the
severe deformation might cause segregation and further
induce disordering. In fact, some grains are dis-
ordered in the extruded magnet with or without Ni
addition as evidenced by convergent beam electron dif-
fraction studies.

Lorentz microscopy [12] (defocus Fresenel techni-
que) to image the magnetic domain walls, failed to
image any domain walls in the Mn~Al-C magnet. The
domain walls are believed to be present at the grain

boundaries [9] where the diffraction contrast is strong

enough to overwhelm any magnetic contrast. In the case of

V’
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Ni-containing specimens, domain walls could be occa-

sionally observed within the grains.
IV. DISCUSSION

The t phase with L1, structure i§ ferromagnetic
due to the magnetic coupling between Mn atoms through
indirect exchange interaction via the paramagnetic Al
ions. As a result of the spin-orbit interaction, the _
material exhibits high magnetocrystalline anistropy
(R =1 x 107 erg/cm3)-aldﬁg the C-axis, which
effectiQely impedes the magnetization reversal by rota-
tion processes. However, the observed coercivity He is
much less than the value ZK/MS, expected from a pure
rotation model. Thié implies that other mechanisms
such as domain nucleation and domain wall pinniné con-
tribute to the coercivity. The coercivity in the fer-
_romagnetic Mn-Al-C magnet mainly arises from the pin-

,oing of domain walls at the grain boundaries and other
crystal defects such as twins and dislocations. The
role of the Al,05 particles in impeding the domain wall
motion also needs to be taken into account.

It has been well known [17] that the magnetic
properties of Mn alloys are very dependent on the Mn-Mn
distance. Furthermore, ferromagnetism is strongly
influenced by short range order, (i.e., local atomic

environment plays a crucial role in the magnetic pro-



perties). This has been realized in the Fe-Al (CsCl

structure) o?dered alloys through Mosshauser spectrd-

scopy [16] studies that local magnetic moments associated

with iron atoms in the non-stoichiometric Fel.1A10.9

and deformgd Fej) gAlj g alloys arise from the existence

of iron-iron nearest neighbors. Similar arguments V
apply to non-stbichiometry in the binary Mn-Al and

ternary Mn-Al-C magnets. |

As discussed‘in Part III, the better magnetic
properties in the Ni containing alloys can be attri-
buted to the development of magnetic anisotropy as a
result of a more favorable easy axis distribution. The
addition of small amounts of Ni may promote the degree
of ordering and affect the local atomic environments by
substituting for Al atoms, Ni-Mn pairs will then inter-
act ferromagnetically [18] contributing to the magnetic
properties.

In conclusion, uniform alignment of the axis of
easy magnetization, ultra fine grains and an increase
in the degree of Qrdering are needed to achieve higher
energy product and coercivity. Both alloy chemistry
and processing techniques limit the development of

these features.

S
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V. CONCLUSION

The extruded Mn-Al-C magnet 1is fine grained with
heavy twinning and a high density of dislocations and
contains a dispersion of Al,03. Although some grains
are disordered, no anti-phase boundaries have been
detected in the ordered L1 grains.

The effect of Ni addition on the structure-
magnetic properties relation is established as follows:
nickel helps in the developmént of magnetic anisotropy
during the deformation process resulting in uniform |
fine grain and high density of twins. Atomistically,
nickel atoms couple ferromagngtically with manganese
atoms changing the local Mn atomic environment. All
these account for the higher H_ and (BH)ma valﬁes for

X

the Ni containing Mn-Al-C magnet.
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SUMMARY OF THE MICROSTRUCTURAL FEATURES

Grain Size

Texture

Twins

Precipitates

Antiphase

Boundaries

Magnetic

Domain Walls

Mn-Al-C

0.5-5um

<001>

high density

Al,04

none

not observed

13

Mn-Al-C + 0.8 Ni

0.2-1lum

<001>

higher density

A1203, Nis

none

observed
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

FIGURES

(a,b) SEM micrographs showing the‘distribution
and morphology of precipitates, (c) The
corresponding Al mapping (d) The EDX spectrum
taken from the precipitate (air melted

samp les) .

(a) A bright field TEM micrograph taken from a
Ni-containing foil illustrates the typical
microstructural featqres: dislocation, twins.
(b) Convergent beam diffraction pattern taken
from the grain con;aining two variants of
edge-on twin bands. The corresponding index
reveal twins lie on {111} planes (argon
melting sample).

A dark field TEM micrograph taken from a Ni

. free Mn4A1—C magnet shows the existence of

thin and coarse twin lamellae. The selected
area diffraction pattern shows streaking along
111 (air melting sample).

A diffraction pattern of L1, ordered structure
near 001 pole. The fundamental and super-
lattice reflections are indexed.
X—ray.microahalysis spectra comparing the
enriched Ni with the normal regions of the

material (argon melted sample).
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